Quantitation of Lactate by a Kinetic Method with an Extended Range of Linearity and Low Dependence on Experimental Variables
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We report conditions and characteristics of a new kinetic method for measuring lactate. Using a multiple linear regression method, we fit data for absorbance and for rate of change of absorbance to a modified rate form of the Michaelis-Menten equation. The principal objective of the fitting process is to compute the total absorbance change, that would be measured if the reaction were monitored from the point of mixing to equilibrium. 
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In recent papers, we described the development of a new approach to kinetic determinations based on the use of nonlinear curve-fitting methods to fit multipoint kinetic data to appropriate kinetic models. Significant advantages have been demonstrated for reactions that follow first-order (1), parallel zero-order/first-order (2) , and Michaelis-Menten (3) kinetics. However, most of this work has involved the use of idealized model reactions to evaluate the characteristics of the general approach for near-ideal conditions. Only two studies, both of first-order processes (1, 4) 
Materials and Methods

Theory
The equilibrium position of the lactate/NAD reaction was shifted to the right by using an excess of NAD in a hydrazine buffer, pH 9.2, containing EDTA (8) 
However, attempts to use this form of the equation were not satisfactory, and the form that gave the best fit of data was
in which V = (KmjKrn,) is the absorbance change that would occur from the initial mixing point, t = 0, to equilibrium t = o, and #{163}4,, is the absorbance change observed between t = 0 and any time t. The result is that given in equation 2, which is the model used to fit the data in the remainder of this study.
The primary fi.mction of the curve-fitting process is to compute the total absorbance change, #{163}4,,, that would occur if the reaction were monitored to equilibrium.
For this we compute #{163}4,. and the kinetic constants, Vr and K, that give the "best" fit of experimental data (A and dA/dt vs time) to the rate equation. The initial values of absorbance, A0, used in the fitting process (3) were obtained from the data for A vs t during the early part of the reaction, fitted to a quadratic equation of the form A = A0 + A1t + A2t2, in which A0, A,,, and A2 are parameters evaluated by the fitting process for each data set, with the resulting value of A0 being the desired absorbance at t = 0. The beginning estimate of #{163}4,. is taken as A,, -A0J, in which A,, is the value of the absorbance at the longest time used in the fitting process (t = 200 s in this case). Initial estimates of Vf can be obtained from reported values, or by standard graphical techniques (9). An estimate for Km will suffice as the initial value for K, if, as in this case, km C80. We emphasize that the exact values are not needed because the program computes the values that give the best fit of experimental data to the rate equation and the parameter estimates are nothing more than a starting point for the fitting process. 
Reagents
All solutions were prepared in water that had been distilled in quartz after having passed through a mixed cation-anion resin bed.
Buffer. Glycine/hydrazine buffer, pH 9.2, was prepared by adding 45.0 g of glycine, 45.0 g of hydrazine, and 3.7 g of EDTA disodium salt to about 700 mL of water, adjusting the pH to 9.2 with concentrated NaOH, and diluting the solution to 1.0 L.
Reagent.
For each 10 mL of reagent to be prepared, 100 mg ofNAD (Grade III; Sigma Chemical Co., St. Louis, MO 63178) was added to 10 mL of cold glycine/hydrazine buffer; then 0.6 mL of a solution of (NH4)2S04/LDH (from rabbit muscle; Boehringer Mannheim Biochemicals, Indianapolis, IN 46250) was added. This reagent was prepared freshly each day.
Lactate standards.
A 1 g/L stock solution of lactate was prepared by dissolving 106.6 mg of lithium lactate (grade L-X; Sigma) in 100 mL of water. This solution was stable for several months when stored in an amber-colored bottle at 4#{176}C. Standard solutions were prepared by serial dilution of the stock to concentrations between 22 and 520 pmolJL in glycine/hydra.zine buffer.
Plasma samples.
Canine blood was collected in tubes containing fluoride-oxalate and the plasma was separated immediately. To deproteinize, we added 1 mL of plasma to 2 mL of a cold solution containing 0.6 mol of HC1O4 per liter, and centrifuged the mixture at 2500 rpm for 10 nun. The clear supernate, diluted 25-fold in buffer, was used in the measurement step. 
Procedures
Results
Lactate concentrations are reported as those originally present in the reaction mixture, corresponding to a 150-fold dilution of samples.
Experimental and Fitted Data
The experimental (e) and fitted (0 response curves are compared in Figure 1 . The fitted curve, based on data between 5 and 200 s, is extrapolated to the equilibrium region to permit a comparison of the experimental and computed values of #{163}4,,. Rate data (dA/dt) are used in the curve-fitting process, and the increased noise associated with rate data is reflected in the scatter of the fitted points about the measured data. 
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Linearity
One of the expected benefits of applying the regressionkinetic procedure to a system that follows Michaelis-Menten kinetics is an extended range of linearity of response to concentration, relative to that obtained with an initial-rate procedure. Calibration curves based on six standard solutions containing concentrations from 11to 180 Mmol/L were generated by both the regression-kinetic and initial-rate procedures ( Figure 2) . Results by the regression-kinetic procedure are clearly more nearly linear than those by the initial-rate approach. We evaluated the linearity of the data obtained by the regression-kinetic procedure by two tests. Application of an F-test (13) involves comparison of the square of the standard error of estimate, S, and the square of the pure random error, S, associated with the procedure. If the variance ratio, SVXJSP, is smaller than the tabulated F-value for the appropriate degrees of freedom at the desired confidence level, then the standard error is small enough to be explained by the pure error and the hypothesis of linearity is supported. For the calibration data set, S = 0.012 and S, = 0.011, and the variance ratio S,.,2/Sr,2 = 1.11. This is well below the 95% confidence level value ofF = 3.8 for 24 and six degrees of freedom, and so linearity is supported.
A behavior that has been observed in conjunction with equilibrium methods (15, 16). Therefore we are not able to state under the constraints of this test that these data are best described by a linear expression. However, the difference between the quadratic and the linear calibration curve was quite minor, and so we chose to assume linear behavior in all subsequent treatments of the data.
Methods Comparison
Standards.
Regression-kinetic results for eight concentrations of lactate, from 11 to 260 !.mo1/L, were compared with equilibrium absorbance changes to illustrate the accuracy of the computed #{163}4,. values. As Figure 3 shows, the kinetic and equilibrium results correlate highly. The increased curvature of the calibration data at higher lactate concentrations is also apparent. Consequently, we chose to assume linear behavior for concentrations 180 pmol/L. We also compared the regression-kinetic measurements with the initial-rate measurements to evaluate the relative degrees of sensitivity to experimental parameters. A standard lactate solution containing 130 mol of lactate per liter was processed with seven reagent preparations containing LDH activities ranging from 18 to 26 U/mL (Figure 4 ). The measured initial rate (dA/dt) decreased 20%, from 0.01 (LDH = 26 U/mL) to 0.008 sl (LDH = 18 U/mL). The regression-kinetic results exhibited an average #{163}4,, of 0.739 (SD 0.0034), with little or no systematic change with enzyme activity. Clearly, the regression-kinetic method is much less sensitive to changes in enzyme activity than is the rate method.
NAD + was in sufficient excess that small variations caused little or no change in either regression-kinetic or rate results. Temperature coefficients were not evaluated, earlier work having demonstrated that the regression-kinetic method compensates effectively for temperature variations
Canine plasma.
To compare results obtained with the regression-kinetic and an equilibrium method, we added to Sensitivity, Imprecision,
and DetectionLimits
Sensitivity.
The sensitivity of the method (the slope of the calibration curve in Figure 1) 
Discussion
As this work shows, the regression-kinetic procedure can be applied effectively to reactions with nonideal kinetic response.
In comparison with previously reported kinetic methods for lactate (4) (5) (6) 
16).
We emphasize that the regression kinetic procedure mimics equilibrium procedures; if an equilibrium procedure yields nonlinear behavior because of incomplete reaction, the method we describe can be expected to yield similar results. This is the reason the upper limit of the linear range
, in contrast to earlier results (3). The principal price paid for these advantages is a longer monitoring time. However, the 200-s measurement interval appears reasonable. It is substantially less than the 1200 s required for the reaction to reach equilibrium. In contrast to our earlier study (3), we chose a fixed reaction time for this study rather than a fixed percentage of reaction. The 200-s reaction time corresponds to the time for the highest concentrations (180 .c-mol/L) to proceed to 80% completion. All lower concentrations proceed to a somewhat higher percentage completion during the 200-s period. The curve-fitting program will be supplied to interested readers. A few practical points are in order for any who may wish to implement this procedure. Here we used a quadratic fit of data near t = 0 to obtain the first estimate of the initial absorbance, A0, because all response curves showed substantial curvature.
Although a linear model could be used for situations in which the response curve is linear at short times (3), the quadratic model will probably be the most generally useful because it will give satisfactory fits to both linear and nonlinear responses.
The principal source of uncertainty in the present method is the increased noise associated with the data for dA/dt used in the fitting process. 
